Introduction
============

Multiscale fabrication is a crucial goal in nanotechnology. *Top-down* methods such as photo- and electron-beam lithography provide a tool for etching surfaces giving rise to structures at the nanometer scale \[[@B1]\]. *Bottom-up* approach using the techniques of organic and inorganic synthesis furnishes a mean of fabricating molecular systems such as devices and sensors that are on the 0.5--2.5 nm scale \[[@B2]\]. The fabrication of metal nanoparticles has been greatly facilitated by the methods developed by Brust et al. \[[@B3]\]. In their approach chemical reduction of metal salts (Pd, Au, Ag, Pt) is performed in the presence of capping ligands and the size of nanoparticles can be controlled through the stoichiometry of the metal salt to capping ligand, providing nanoparticles ranging in overall diameters of 1--15 nm \[[@B4]\]. Physical properties of nanoparticles are neither those of bulk metals nor those of molecular compounds, but they strongly depend on the particle size, interparticle distance, nature of the protecting organic shell, and shape of the nanoparticles. Gold nanoparticles can significantly increase temperature under light illumination as a consequence of plasmon resonance-related phenomena \[[@B5]\].

Among other properties, catalytic and sensing behavior of nanoparticles are noteworthy. Gold nanoparticles were recently employed as gate material in Si-Field Effect gas sensors, showing interesting sensing features \[[@B6]\]. Nitrogen oxides are air pollutants \[[@B7]\] responsible for deactivation or poisoning of several catalysts and for the corrosion of the equipment used in the chemical and petrochemical industries \[[@B8]\]. Therefore, the monitoring of nitrogen-containing compounds is highly desirable \[[@B9],[@B10]\]. Gold nanoclusters are usually stabilized by organothiols \[[@B11]\] that improve solubility and stability and allow the fine tuning of the optoelectronic properties of these nanomaterials \[[@B12]\]. Only few papers deal with organometallic thiols as capping agents for gold nanoclusters \[[@B13]\] and among metal thiocarboxylates, palladium(II)-based complexes have been recently synthesized \[[@B14]\]. In this communication, we report on the one-pot functionalization of gold nanoparticles with the organometallic bifunctional thiol *trans,trans*-\[dithiodibis(tributyphosphine)dipalladium(II)-4,4′-diethynylbiphenyl\] (complex **1**) which, owing to its bifunctionality opens perspectives for the achievement of 2D or 3D networks, when linked to Au nanoparticles \[[@B15]\]. Our synthetic approach was to prepare first an organometallic thiolate complex which is able to directly link Pd(II) and Au nanoparticles (hybrid **1**) through a simple single S-bridge; the chemical structures of thiolate complex (**1**) and hybrid (**1**) are reported in Scheme [1](#C1){ref-type="fig"}. The size, strain, shape, and crystalline structure of these functionalized nanoparticles were determined by a full-pattern X-ray powder diffraction, XRD analysis, high-resolution TEM, and photoluminescence spectroscopy measurements. An X-ray photoelectron (XPS) study was carried out comparing the samples before and after the exposure to pollutant NO~*x*~ gas.

![Chemical structures for organometallic thiolates (complexes**1**and**2**) and hybrids (**1**) and (**2**)](1556-276X-3-461-i1){#C1}

Experimental
============

FTIR spectra were recorded as films deposited from CHCl~3~solutions by using CsI cells, on a Bruker Vertex70 Fourier Transform spectrometer.^1^H and^31^P NMR spectra were recorded on a Bruker AC 300P spectrometer at 300 and 121 MHz, respectively, in appropriate solvents (CDCl~3~); the chemical shifts (ppm) were referenced to TMS for^1^H NMR assigning the residual^1^H impurity signal in the solvent at 7.24 ppm (CDCl~3~).^31^P NMR chemical shifts are relative to H~3~PO~4~(85%). UV--Vis spectra were recorded on a Varian Cary 100 instrument. Photoluminescence spectra were performed on a Perkin-Elmer LS 50 Fluorescence Spectrometer. All optical measurements were performed at room temperature using quantitative solutions in CHCl~3~(1 mg/mL), excitation wavelength 348 nm or 280 nm, for hybrid (**1**) or (**2**), respectively.

For the high-resolution electron microscopy (HREM) observations and the diffraction contrast imaging a FEI TECNAI G2 F30 Supertwin field-emission gun scanning transmission electron microscope (FEG STEM) operating at 300 kV and with a point-to-point resolution of 0.205 nm was used. The TEM specimens were prepared by depositing few drops of the diluted solutions on carbon-coated TEM grids to be directly observed in the instrument.

High-resolution XRD measurements were performed with a D8 Discover-Bruker diffractometer equipped with a 3 kW ceramic tube (copper anode). As primary optics a Goebel-type parabolic mirror and a two-bounces monochromator (V-grooved Ge-crystal) were used. The intensity of the scattered X-ray beams were recorded by a NaI(Tl) scintillator detector. A coupled θ−2θ movement was chosen for data collection. Concentrated nanocrystal solutions were spread on top of a silicon substrate and then the sample was allowed to dry prior to the measurements.

XPS spectra were obtained using a custom designed spectrometer. A non-monochromatized MgKα X-rays source (1253.6 eV) was used and the pressure in the instrument was maintained at 1 × 10^−9^ Torr throughout the analysis. The experimental apparatus consists of an analysis chamber and a preparation chamber separated by a gate valve. An electrostatic hemispherical analyzer (radius 150 mm) operating at the fixed analyzer transmission (FAT) mode and a 16-channel detector were used. The film samples were prepared by dissolving our materials in CHCl~3~ and spinning the solutions onto polished stainless steel substrates. The samples showed good stability during the XPS analysis, preserving the same spectral features and chemical composition. The experimental energy resolution was 1 eV on the Au 4f~7/2~ component. The resolving power Δ*E*/*E* was 0.01. Binding energies (BE) were corrected by adjusting the position of the C1s peak to 285.0 eV in those samples containing mainly aliphatic carbons and to 284.7 eV in those containing more aromatic carbon atoms, in agreement with literature data \[[@B16]\]. The C1s, Pd3d, Pt4f, P2p, Cl2p spectra were deconvoluted into their individual peaks using the *Peak Fit* curve fitting program for PC. Quantitative evaluation of the atomic ratios was obtained by analysis of the XPS signal intensity, employing Scofield's atomic cross-section values \[[@B17]\] and experimentally determined sensitivity factors. Sample powder of hybrid (**1**) was finely ground and mixed with toluene, then deposited on a cellulose membrane. The exposure of hybrid (**1**) to 500 mBar of NO~*x*~ (Air Liquide, 99.95%) was carried out in a chemical cell equipped with input and output gas lines.

The functionalized gold nanoparticles were synthesized at room temperature (RT). Deionized water was obtained from Millipore Milli-Q water purification system. Hydrogen tetrachloroaurate (III) trihydrate (Aldrich, 99.9+%), tetraoctylammonium bromide (Aldrich, 98%), sodium borohydride (Aldrich, 99%), superhydride (lithium triethylborohydride, 1 M solution in THF, Aldrich), sodium sulfate anhydrous (Carlo Erba), celite 545 filter agent (Aldrich), and the organic solvents (Aldrich reagent grade) were used as received. Solvents were dried on Na~2~SO~4~before use.

Palladium complex \[PdCl~2~(PBu~3~)~2~, i.e. *trans*-\[dichlorobis(tributylphosphine)palladium(II)\] was prepared by reported methods \[[@B18]\]. Phenylacetylene was purchased from Aldrich and distilled before use. Potassium thioacetate was purchased from Aldrich and used without further purifications. Preparative thin-layer chromatography (TLC) separation was performed on 0.7 mm silica plates (Merck Kieselgel 60 GF254) and chromatographic separations were obtained with 70--230 mesh silica (Merck), by using *n*-hexane/dichloromethane mixtures.

The organometallic complex (**1**), *trans,trans*-\[(CH~3~--CO--S)--Pd(PBu~3~)~2~(C≡C--C~6~H~4~--C~6~H~4~--C≡C)Pd(PBu~3~)~2~(S--CO--CH~3~)\] was prepared from the square planar Pd(II) complex *trans,trans*-\[ClPd(PBu~3~)~2~(C≡C--C~6~H~4~--C~6~H~4~--C≡C)Pd(PBu~3~)~2~Cl\], that was synthesized in analogy to analogous compounds \[[@B19]\], by using ligand substitution reaction in the presence of potassium thioacetate in equimolar amount. For a typical reaction, 0.1000 g, 0.0773 mmol of *trans,trans*-\[ClPd(PBu~3~)~2~(C≡C--C~6~H~4~--C~6~H~4~--C≡C)Pd(PBu~3~)~2~Cl\] were dissolved in CH~2~Cl~2~ (50 mL) and 0.1672 mmol of KSCOCH~3~ were allowed to react at ambient temperature for 6 days. Complex (**1**) was recovered from the reaction solution by precipitation with methanol.

Spectroscopic characterization of complex (**1**):

^1^H NMR (300 MHz, CDCl~3~, δ): 7.45 (*d*, Ar H), 7.30 (*d*, Ar H), 2.36 (*s*, CH~3~--CO), 1.94 (*m*, PCH~2~), 1.55 (*m*, CH~2~),1.44 (*m*, CH~2~), 0.92 (*t*, CH~3~);^31^P NMR (121 MHz, CDCl~3~, δ): 10.40; IR (film, cm^−1^):*ν* = 2108 (C≡C), 1623 (C=O), 1231 (S--C=O); UV--vis (CHCl~3~): λ~max~ = 332 nm;

The hybrid (**1**) was prepared by following the procedure assessed for hybrid (**2**) \[[@B14]\].

The molar ratio Au/thiol/reactant was 4/6/1; 0.7460 mmol of HAuCl~4~ · H~2~O aqueous solution (0.03 M) was added to a solution of complex (**1**) (0.243 mmol) in 80 mL of dichloromethane. Tetraoctylammonium bromide of 1.6 g, were added together with a 0.4 M aqueous solution of NaBH~4~(20.5 mL) and the reaction mixture was allowed to react for 3 h at room temperature. Extraction with H~2~O/CH~2~Cl~2~followed and the obtained brown solid was isolated by evaporation of the organic layer. The solid was resuspended in methanol, filtered over Celite, washed with acetonitrile and hexane, and recovered from dichloromethane; yield was about 32%.

Results and Discussion
======================

Complex (**1**) was synthesized by ligand exchange reaction between potassium thioacetate (KSCOCH~3~) and \[Cl--Pd(PBu~3~)~2~(C≡C--C~6~H~4~--C~6~H~4~--C≡C)Pd(PBu~3~)~2~--Cl\], since thiolate organometallic complexes open a new access to the preparation of systems that can be easily used for the stabilization of gold nanoclusters. Gold nanoparticles were prepared with a modified two-phase procedure, and then let to react with complex (**1**), leading to hybrid (**1**), (see Scheme [1](#C1){ref-type="fig"}).

Infrared spectra of hybrid (**1**), confirmed the deprotection of the thiol with the disappearance of the carbonyl stretching mode at about 1623 cm^−1^. UV--Vis spectra supported the hybrid formation; highly shielded plasmon resonance at about 510 nm was observed for hybrid (**1**), comparable with that of the already prepared hybrid (**2**) \[[@B14]\], which was made by the linkage of a monofunctional complex, i.e. *trans*-thioethynylphenyl-bis((tributylphosphine)palladium(II). The disappearance of the plasmon band can be due to a high steric effect of the complex (**1**).

Photoluminescence measurements (PL) of hybrid (**1**) showed an emission band with two maxima, at 418 and 440 nm that has been compared with the emission band of hybrid (**2**), peaked at about 337 nm, thus suggesting that for these organometallic-based hybrids, a fine tuning of the optical properties can also be achieved in the UV--vis range, apart from the infrared typical PL of thiol stabilized Au nanoparticles \[[@B20]\]. A difference of the positions of PL emission peaks of hybrids (**1**) and (**2**) is likely due to the different chemical structure of the organometallic Pd(II) complex.

The shape and structure of the hybrid (**1**) nanocrystals were investigated by TEM analysis. Figure [1](#F1){ref-type="fig"}a shows a low-resolution bright-field (BF) TEM image of a very diluted sample of hybrid (**1**). Due to the dilution the linkage between the nanoparticles was destroyed and, therefore, the 2D or 3D network formation cannot be observed. Only in few areas agglomerations of nanoparticles can be noticed (see markers). On the other hand, the dilution of the samples was necessary for the TEM observations in order to have "transparent" samples and to "see" the nanoparticles; otherwise heap of nanoparticles are formed that are not "transparent" for the electron beam.

![**a**Low-resolution TEM bright field image of the hybrid (**1**) after dilution. Small agglomerates due to the network formation are still visible (marked fields).**b**TEM micrograph (bright field image) of a diluted sample of hybrid (**1**) showing isolated Au nanocrystals of spherical shape and average diameter of about 2 nm. The insets show high-magnification images of an "ideal" cuboctahedral cluster with well-defined lattice fringes (A), and a multiple-twin particle (B) that exhibits different domains](1556-276X-3-461-1){#F1}

Figure [1](#F1){ref-type="fig"}b shows a BF TEM micrograph of the same diluted sample with isolated Au nanocrystals of spherical shape and of an average apparent size of about 2 nm. The TEM pictures evidence the existence of highly perfect nanocrystals (inset A) with well-defined lattice fringes, as well as of clusters exhibiting domain-like structures (inset B), i.e. multiple-twin particles.

In order to investigate the crystallographic structure, the size distribution, and the strain of the clusters more accurately and also to obtain statistically significant information, we performed high-resolution X-ray diffraction experiments combined with a quantitative whole-profile-fitting least-squares data analysis technique that considers monatomic face-centered cubic (f.c.c.)-derived non-crystallographic nanoclusters \[[@B21]\]. It is well known that nanosized gold clusters may exhibit three different main structure types, namely cuboctahedral (equivalent to the bulk gold structure), icosahedral, and decahedral \[[@B22]\]. The icosahedron and decahedron have no "bulk" equivalent and are non-periodic (non-crystallographic) structures, frequently defined as "multiple-twin particles". The simulation model adopted here takes into account the presence of the three main structure types and allows determining for each structure type a log-normal size distribution. In addition a phenomenological function was used to model possible size-related strain effects \[[@B23]\].

Figure [2](#F2){ref-type="fig"}a shows the experimental (black curve) and calculated (red curve) X-ray diffraction pattern together with the single contributions of three diffraction curves of the cuboctahedron (*C*), icosahedron (*I*), and decahedron (*D*) structure types. As reference the Bragg diffraction peaks (hkl) of the cubic bulk gold are also indicated. The size distribution and the size-dependent strain of the three structure types are shown in Fig. [2](#F2){ref-type="fig"}b, c, d. These results clearly show that the mass fraction of cuboctahedron clusters is 61.81%, while the mass fraction of the icosahedron (*I*) and decahedron (*D*) clusters are 37.15% and 1.04%, respectively. This means that the population of the "ideal" cluster type (cuboctahedron) is close to the 2/3 indicating the high quality of the sample. The size distribution of the three structure types shows that the cluster size is peaked at about 2 nm for all the three structure types. For the cuboctahedral (*C*) clusters the strain value is found to be slightly larger than 1 (a strain value of 1 corresponds to the bulk Au value).

![**a**Experimental and calculated X-ray diffraction patterns of the hybrid (**1**). The single contributions of the cuboctahedral, icosahedral, and decahedral clusters with the relative population (mass fraction), size distribution, and size-dependent strain are also shown. For comparison the (hkl) Bragg peaks of the "bulk" Au are also indicated. The size and strain distribution of the cuboctahedral (***C***), icosahedral (***I***), and decahedral (***D***) structure type as obtained from the analysis and simulation of the X-ray pattern**a**are shown in**b**,**c**, and**d**, respectively. The population of the "ideal" cuboctahedron (***C***) is about 2/3 demonstrating the very high structural quality of the synthesized Au nanocrystals. The average cluster size for all the structure types is about 2 nm](1556-276X-3-461-2){#F2}

X-ray photoelectron spectroscopy (XPS) studies highlighted the electronic structure of pristine hybrid (**1**) and the effect of exposure to NO~*x*~ gas, for applications in sensing devices. In fact, Pd(II)-based polymetallaynes, structural analogues of the organometallic complex (**1**), have been used as thin film membranes in surface acoustic wave (SAW) devices, showing high sensitivity toward relative humidity percentages, when nanostructured membranes were used \[[@B24]\]. Complex (**1**) was already tested in preliminary studies toward NO~*x*~ gas. However, due to its instability, our efforts were dedicated to the preparation of new stabile hybrids, suitable for sensing applications.

To this purpose C1s, P2p, Pd3d, Au4f, and S2p core level spectra have been collected and analyzed. The core level binding energy (BE) and full width at half-maxima (FWHM) were analyzed with particular attention to Au4f7/2 and S2p3/2 components, which are of main interest for the assessment of the Au--S bond. BE, FWHM, and atomic ratio values observed for hybrid (**1**) were detected and results were consistent with those reported for hybrid (**2**) \[[@B14]\]. P2p 3/2 binding energy values at about 131.1 eV are in agreement with the values reported in the literature \[[@B25]\] for metal--phosphine bonds, as well as S2p3/2 BE value at 162.5 eV that supports the formation of the sulfur--gold chemical bond \[[@B26]\]. Furthermore, evaluation of the atomic ratios of all the core spectra with respect to the S2p3/2 component, led to assess that the molecular structure of the pristine Pd(II) thiol complex was clearly maintained in hybrid (**1**). By curve-fitting analysis of Au4f spectra of hybrid (**1**), two pairs of spin-orbit components appear. The Au4f7/2 peak found at BE = 83.80 eV is attributed to metallic gold \[[@B27]\]; the second Au4f7/2 signal at higher BE values, (BE = 84.7 eV) has been associated to Au atoms that are covalently bonded to the sulfur of thiol groups of hybrid (**1**). Semi-quantitative analysis of the XPS signals, allowed estimation of an atomic ratio 1:1 between the Au4f7/2 component at 84.7 eV and the S2p3/2 peak. This result shows that all the thiols are bound to Au through a covalent link.

In order to study the effect of NO~*x*~pollutant gas exposure onto hybrid nanoclusters, hybrid (**1**) was deposited on a cellulose membrane and exposed to NO~*x*~vapors as described in the section "Experimental". The interaction occurring between hybrid (**1**) and nitrogen oxide was investigated recording C1s, P2p, Pd3d, Au4f, S2p, and N1s core level XPS spectra. The BE, FWHM, and atomic ratios were compared with the same data collected on the pristine sample. Both qualitative and semi-quantitative analysis are fully consistent with the results obtained before exposure to NO~*x*~, thus indicating that the molecular structure of the hybrid (**1**) is not affected by the interaction with the gas. Au4f spectra of hybrid (**1**) exposed to NO~*x*~gas, exhibit two pairs of spin-orbit components, in analogy to the precursor.

The evidence of NO~*x*~ interaction with hybrid (**1**) is given by the study of the N1s core level spectrum shown in Fig. [3](#F3){ref-type="fig"}. The peak appears structured and at least three main components can be detected by curve fitting; the peaks at 399.5 and 401.5 BE values can be attributed to NO~*x*~ coordinated to Pd(II), and are consistent with literature data for molecular NO~*x*~ adsorbed on metals (for example clean Pt(111): BE = 400.4--401.5 eV) \[[@B28]\]. Pd(II) 3d signal cannot be evidenced due to the co-presence in the same spectral region of the Au 3d signal which induces a broadening of the peaks.

![XPS N1s spectrum of hybrid (**1**) exposed to NO~*x*~gas](1556-276X-3-461-3){#F3}

XPS data analysis results led to assess that the molecular structure of hybrid (**1**) is maintained upon exposure to NO~*x*~, and an interaction occurs between Pd(II) linked to gold nanoparticles and the gas. This interaction does not affect the hybrid molecular structure and, in our interpretation, it involves mainly the adsorption of NO~*x*~molecules on the palladium site. Further investigations are in progress in order to define the NO~*x*~---transition metal interaction details.

Conclusions
===========

In conclusion, a stable hybrid system made by an organometallic moiety linked to gold nanoparticles was synthesized and characterized and XRD, TEM, and XPS analyses confirmed the link between Au and Pd(II) through S-bridge. The nanoparticles are homogeneous in size and structure and are functionalized by the organometallic complex which fully reacts with Au sites. The hybrid represents a model and the precursor of new hybrid systems with extended electronic delocalization, achieved by varying the organic spacer bonded to Pd(II) centers. Optical spectroscopy investigations and electronic transport measurements are under study in our laboratories in order to continue the development of the studies with the perspective of device applications. Sensors and optoelectronics appear the most suitable fields of interest for this type of nanostructured materials.
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